Angrites are differentiated meteorites that formed between 4 and 11 Myr after Solar System formation, when several shortlived nuclides (e.g., 26 Al- 26 Mg, 53 Mn-53 Cr, 182 Hf-182 W) were still alive. As such, angrites are prime anchors to tie the relative chronology inferred from these short-lived radionuclides to the absolute Pb-Pb clock. The discovery of variable U isotopic composition (at the sub-permil level) calls for a revision of Pb-Pb ages calculated using an ''assumed" constant 238 U/ 235 U ratio (i.e., Pb-Pb ages published before [2009][2010]. In this paper, we report high-precision U isotope measurement for six angrite samples (NWA 4590, NWA 4801, NWA 6291, Angra dos Reis, D'Orbigny, and Sahara 99555) using multicollector inductively coupled plasma mass-spectrometry and the IRMM-3636 U double-spike. The age corrections range from À0.17 to À1.20 Myr depending on the samples. After correction, concordance between the revised Pb-Pb and Hf-W and MnCr ages of plutonic and quenched angrites is good, and the initial ( 53 Mn/ 55 Mn) 0 ratio in the Early Solar System (ESS) is recalculated as being (7 ± 1) Â 10 À6 at the formation of the Solar System (the error bar incorporates uncertainty in the absolute age of Calcium, Aluminum-rich inclusions -CAIs). An uncertainty remains as to whether the Al-Mg and Pb-Pb systems agree in large part due to uncertainties in the Pb-Pb age of CAIs.
INTRODUCTION
Angrites are differentiated meteorites (achondrites) of basaltic composition. They are of either volcanic (a.k.a. quenched) or plutonic origin and display minimal postcrystallization alteration, metamorphism, shock or impact http://dx.doi.org/10.1016/j.gca.2017.06.045 0016-7037/Ó 2017 Elsevier Ltd. All rights reserved.
brecciation (e.g., Keil, 2012 and references therein) . Their old U-Pb (e.g., Amelin, , 2008b and Pb-Pb ages (e.g., Wasserburg et al., 1977; Lugmair and Galer, 1992; Baker et al., 2005; Connelly et al., 2008) make angrites some of the earliest volcanic rocks known in the Solar System, with crystallization ages for the oldest samples of $4 Myr after the formation of Calcium, Aluminum-rich inclusions (CAIs, the oldest known solids in the Solar System). As such, these achondrites provide insights into early stages of planetary melting and differentiation. They also play an important role as anchors for early solar system (ESS) chronology. Indeed, the quenched angrite specimens have estimated cooling rate between 7 and 50°C/h (Mikouchi et al., 2000 (Mikouchi et al., , 2001 , which means that it took $18-127 h for them to cool from a liquidus temperature of $1190°C (Longhi, 1999) to below the closure temperature of $300°C relevant to the decay systems discussed in this contribution (Pb: in clinopyroxene Cherniak, 1998 , in plagioclase, Cherniak, 1995 , in apatite, Cherniak et al., 1991 Cr: in olivine, Ito and Ganguly, 2006, in spinel, Posner et al., 2016; Mg: in olivine, Chakraborty, 1997 , in plagioclase, Muller et al., 2013 , in cpx, Van Orman et al., 2014 ; W: in olivine and model pyroxene, Cherniak and Van Orman, 2014) . Hence, most radiochronometric systems, and in particular those commonly used in ESS chronology, closed simultaneously in quenched angrites (Dodson, 1973) . Their mineralogy is also diverse, which makes them amenable to dating with various chronometers. Because few samples meet the requirements of non-disturbance, synchronous isotope closure and phase diversity like the quenched angrites, they have become important samples to cross-calibrate short-lived dating techniques (e.g., 26 Al- 26 Mg, 53 Cr, 182 Hf-182 W) with absolute dating techniques (i.e., U-Pb, Pb-Pb) (e.g., Nyquist et al., 2009; Dauphas and Chaussidon, 2011; Kleine et al., 2012) . As the precision of isotope measurement improves, it is possible to test at finer levels the concordance of these chronometers. For instance, and based on a 1.5 Myr discrepancy between the Al-Mg and Pb-Pb ages of CAIs and quenched angrites, Larsen et al. (2011) proposed that 26 Al was not uniformly distributed in the Solar System, thus questioning one of the pillars of ESS chronology. To settle the vigorous debate around this issue, improvement of the absolute and relative ages of ESS anchors are therefore critical.
The most precise absolute ages of ESS objects are obtained using the Pb-Pb dating method (Patterson et al., 1955; Patterson, 1956 ): a dual chronometer since 238 U decays into 206 Pb with a half-life of 4468.3 ± 4.8 Myr while 235 U decays into 207 Pb with a half-life of 703.81 ± 0.96 Myr (Jaffey et al., 1971) . In the late 1970s, to ensure that absolute ages could be compared between laboratories, and based on the observed constancy of the 238 U/ 235 U ratio in natural samples, a ''consensus" value of 238 U/ 235 U = 137.88 was adopted for use in geochronology (Steiger and Jager, 1977) . In the past decade, however, a series of studies showed that resolvable variations exist in the 238 U/ 235 U ratio of natural samples (e.g., Stirling et al., 2007; Weyer et al., 2008; Bopp et al., 2009; Brennecka et al., 2010a; Tissot and Dauphas, 2015) , thereby overthrowing a key assumption of Pb-Pb dating. Because variation in the absolute 238 U/ 235 U ratio will impact absolute ages, both Pb and U isotopic compositions need to be measured to obtain precise and accurate Pb-Pb ages. The first goal of the present paper is to provide high-precision U isotope data on a large array of angrites in order to correct their Pb-Pb ages. These U-isotope-corrected ages will be used to assess the degree of concordance between short-lived nuclides systems ( 26 53 Mn- 53 Cr, 182 Hf-182 W) and the absolute PbPb clock.
The second aim of this study is concerned with identifying whether all angrites have a similar U isotopic composition, and, if not, what is(are) the process(es) responsible for this variability. Brennecka and Wadhwa (2012) measured a series of angrite samples and suggested that all angrites had a homogeneous U isotopic composition. They reached this conclusion because they propagated the uncertainties on the U isotopic composition of the two U double spikes that they used onto the final 238 U/ 235 U ratio of each sample. However, the same double spike (IRMM-3636) was used for analysis of all bulk samples, while another spike (inhouse ASU spike) was only used to measure a replicate of D'Orbigny and two mineral separate fractions (D'Orbigny pyroxenes, AdoR phosphates). Any error on the spike composition will shift the 238 U/ 235 U ratios of the samples by a constant value, so that difference in the U isotopic compositions of samples corrected by the same double spike are better known than one would be led to believe if uncertainties on the spike composition are propagated. When only the isotope measurement error is considered, some variability in the angrite 238 U/ 235 U ratio data set of Brennecka and Wadhwa (2012) is visible. It is presently unknown whether igneous processes can fractionate U isotopes but the U isotopic variability of $0.50‰ measured among igneous rocks (see compilation in Fig. 6 of Tissot and Dauphas, 2015) raises the possibility that magmatic differentiation on the angrite parent-body could have fractionated U isotopes.
Here, we report high-precision U isotopic data for six angrite samples: NWA 4590, NWA 4801, NWA 6291, Angra dos Reis, D'Orbigny, and Sahara 99555. Using this data set and previously published measurements (Brennecka and Wadhwa, 2012; Connelly et al., 2012; Goldmann et al., 2015) , we question the homogeneity of the U isotope composition of angrite specimens, and discuss the possible processes by which different angrite samples can acquire different U isotopic compositions. After correcting the Pb-Pb ages of angrites, we test their age concordance with short-lived chronometers and discuss the implications for the distribution of short-lived radionuclides in the ESS.
SAMPLES AND METHODS
All Teflon labware used in this study (i.e., PFA vials and beakers from Savillex) was pre-cleaned with boiling aqua regia (3:1 mixture of HCl:HNO 3 ) three times, followed by boiling MQ water. Some reagents and elution cuts were temporarily stored in polypropylene centrifuge tubes (Corning) . Before use, all centrifuge tubes were rinsed three times with MQ water and/or leached with 50% (vol) HCl overnight.
Sample selection, preparation and digestion
Angrites have relatively low uranium concentrations (from 20 to 200 ppb), thus large sample masses are needed to obtain high-precision U isotopic data. The samples studied here include two volcanic (quenched) angrites (D'Orbigny and Sahara 99555), and four plutonic angrites (NWA 4590, NWA 4801, NWA 6291, and Angra dos Reis). Among these, Angra dos Reis (hereafter AdoR) is the only observed fall.
The hand specimens were cut using a Buehler Isomet rock saw. Samples were inspected for signs of alteration (e.g., veins) and recut or hand broken so as to retain only the least altered areas. Sample pieces were placed in a Teflon beaker and cleaned for 5 min in an ultrasonic bath of methanol. Each sample was then crushed manually in an agate mortar dedicated to meteoritic samples that was triple-cleaned before each sample by powdering fine silica grains followed by rinsing with MQ water and methanol. The sample powder was transferred into a clean Teflon beaker and spiked with the IRMM-3636 spike, which is made of 50.45% 233 U and 49.51% 236 U ( 238 U/ 235 U = 5.1629 ± 0.0118; Verbruggen et al., 2008) . Based on U concentrations reported in the literature, enough spike was added to each sample to obtain a U spike /U sample ratio of $3%, which minimizes the consumption of spike, the abundance sensitivity effect of 238 U onto 236 U, as well as the contribution to the measurement uncertainty from amplifier noise and counting statistic on 233 U and 236 U (Weyer et al., 2008) . For NWA 4801, NWA 6291, D'Orbigny and Sahara 99555, the masses digested ranged from 190 mg to 1.4 g ( Table 1 ). The samples were first treated with two acid attacks (6 days and 16 days, respectively) in HF/HNO 3 / HClO 4 (3:1: several drops) on a hot plate at 160°C. Approximately 4 mL of that acid mixture was used per 100 mg of sample. Because undigested particles were still visible after the second digestion step, the samples were centrifuged in clean centrifuge tubes, and the supernatant was pipetted out and transferred back into the original Teflon beaker used for digestion. The residue of each sample was transferred into a clean 6 mL Teflon beaker and placed in a Parr Bomb in an oven for 8 days in HF/HNO3 (2:1) at 180°C, to ensure complete dissolution of the refractory phases. After the bomb step, the two fractions were recombined and treated with two acid attacks (3 days and 5 days, respectively) in HCl/HNO 3 (3:1) on a hot plate at 160°C. At this point, the sample was dried completely, redissolved in concentrated HNO 3 and put back on a hot plate for 3 days. The sample was then diluted to 3 M HNO 3 , and placed on a hot plate for 3 days. No particle was visible after this last digestion step.
Samples NWA 4590, AdoR and a replicate preparation of NWA 4801 and D'Orbigny (all denoted by a star in Table 1 ) were obtained as solution recovered from a previous chemistry meant to purify nickel. The details of the digestion and purification procedure for these samples can be found in Tang and Dauphas (2012) . In brief, these samples were crushed in an agate mortar, and digested in Teflon beakers using an acid attack in HF/HNO 3 (2:1) on a hot plate at 90°C for $10 days, followed by an acid attack in HCl/HNO 3 (2:1) on a hot plate for $5 days. The solutions were then dried down and re-dissolved in a low volume of 11 M HCl before being loaded on U/Teva resin. In the elution scheme used by Tang and Dauphas (2012) , U and Fe elute together, which is the elution cut that was used for U analysis in the present study. As with other samples, these solutions were spiked with IRMM-3636, evaporated to near dryness, taken back in 3 M HNO 3 , and placed on a hot plate at $140°C overnight to allow for sample/spike equilibration.
Uranium purification and mass spectrometry
U separation and purification was done on 2mL cartridges (l = 2.7cm, £ = 0.8 cm) of U/Teva specific resin, following the procedure described previously in Telus et al. (2012) and Tissot and Dauphas (2015) . The resin was cleaned with 20 mL of 0.05 M HCl and conditioned with 6 mL of 3 M HNO 3 . The samples were loaded onto the column in 15-30 mL of 3 M HNO 3 and most matrix elements (except Th and U) were removed in 40 mL of 3 M HNO 3 . The resin was then converted to HCl with 6 mL of 11 M HCl and Th was eluted with 20 mL of 5 M HCl + 0.1 M oxalic acid, followed by 10 mL of 5 M HCl to rinse off the oxalic acid. The final step was the elution of U in 22-25 mL of 0.05 M HCl. The whole procedure was repeated two to three times, depending on the mass of sample digested (Table 1) , to ensure complete matrix removal. After chemistry, the U cuts were dried down completely, re-dissolved in concentrated HNO 3 , before being evaporated to near dryness and taken back in 0.3 M HNO 3 for isotopic analysis.
All U isotope measurements were performed on a ThermoFinnigan Neptune MC-ICPMS upgraded with an OnTool Booster 150 Jet pump (Pfeiffer) at the Origins Laboratory of the University of Chicago. A set of Jet sample cones and X-skimmer cones were used, in combination with an Aridus II desolvating nebulizer for sample introduction. Enhanced signal stability was achieved by placing a spray chamber between the Aridus II and the MC-ICPMS. All measurements were done in low-resolution mode, using a static cup configuration. They involved 50 cycles of 4.194 s integration time each (for more details, see Tissot and Dauphas, 2015) . The measurements were done at U concentrations between 14 and 30 ppb in 0.5 to 10 mL solutions, using a 100 ll/min PFA nebulizer. The sensitivity of the instrument was $1 V/ppb on 238 U measurement with a 10 11 ohm resistance amplifier. Baseline and gain calibrations were done at least daily. The procedural blank was estimated to be 0.06-0.17 ng U (between 0.1 and 0.7% of sample uranium).
The isotopic mass fractionation introduced during chemical separation and mass spectrometry was corrected for using the 233 U/ 236 U double spike IRMM-3636 and the data reduction methodology is described in detail in Tissot and Dauphas (2015) . In brief, the raw signals are corrected for (i) on peak zero, (ii) the 238 U tail contribution onto the 236 U, 235 U and 234 U signals (respectively, 0.6 Â 10
À6
, 0.25 Â 10 À6 and 0.1 Â 10 À6 of the 238 U signal intensity), (iii) hydride formation, and (iv) the decay of U)eq is the atomic ratio at secular equilibrium and is equal to k 238 U/k 234 = 5.497eÀ5 [Cheng et al. (2013) ].
d When no value is available for the uncertainty of the recommended concentration, a value of 5% was assumed (noted in italic).
the spiked isotopes ( 233 U and 236 U) between the date when the spike was calibrated and the date of the sample measurement. An additional correction was applied by bracketing samples with standard measurements spiked with IRMM-3636 at the same level as the samples. This correction is needed in order to obtain reliable absolute isotopic ratios. It was observed by Tissot and Dauphas (2015) that the choice of the cup configuration (i.e., which isotope is being measured on the axial faraday cup) and the set of cones used to perform the measurement can result in systematic offsets of up to 0.20‰ in the final 238 U/ 235 U ratio measured. Sample-standard bracketing allows one to correct for such bias. (Cheng et al., 2013) . External errors were between 1 and 1.5‰ but the internal errors were larger, between 2.2 and 3.5‰. (Richter et al., 2010) . Two other recent estimates of the 238 U/ 235 U ratio of CRM-112a exist: 137.844 ± 0.024 (2r, Condon et al., 2010) and 137.849 ± 0.076 (2r, CRM-112a New Brunswick certificate). These three values cover a range of 0.09‰, and the effect of such a difference on the final Pb-Pb age of a sample can easily be calculated using Eq. (13) (for more details see Tissot and Dauphas, 2015) . For a $4.5 Gyr old sample, this 0.09‰ spread in 238 U/ 235 U ratio corresponds to a 0.13 Myr shift in absolute Pb-Pb age (Fig. 1) , a value equivalent to the uncertainty of Pb-Pb ages of some angrite samples. Because in ESS Pb-Pb dating, differences in absolute ages is the quantity that matters, the exact composition of the standard will not matter as long as all 238 U/ 235 U ratios are calculated relative to the same standard composition (here 137.837 for CRM-112a).
Reporting of uncertainties
The sources of errors in U-Pb geochronology are of two kinds: those that can systematically bias ages but do not affect relative ages (i.e., age intervals), and the random errors that affect both absolute and relative ages. The systematic errors, which affect all samples in a similar fashion, are associated with the composition of the U double spike, that of the Pb spike or age standard, and the errors on the half-lives of 235 U and 238 U, while the random uncertainties are specific to each sample and associated with the U and Pb isotopic measurements. If random errors should always be considered when comparing d
238 U values and U-isotope-corrected PbPb ages, systematic errors only need to be included in specific cases. For the sake of clarity, the notation commonly used in U-Pb geochronology (e.g., Schoene, 2014 ) was adopted hereafter, and errors will be reported in the form ± x/y/z. Table 2 provides the detail of the errors included in x, y and z for the different variables discussed in this paper, as well as the domain of relevance of each type of error. errors have to be taken into account. When comparing relative ages, however, ''the errors of decay-constants almost completely cancel and should be excluded" .
The importance of the decay-constant errors of 238 U and (mostly) 235 U onto the absolute Pb-Pb age was carefully investigated by Ludwig (2000) and is large compared to the precision of the Pb isotope ratio measurement (for a 4.6 Gyr old sample, the 235 U and 238 U decay-constant errors are 9.03 and 2.17 Myr, respectively). Writing the transcendental Pb-Pb equation as:
with r = ( 207 Pb/ 206 Pb) radiogenic and u = ( 235 U/ 238 U) present , Ludwig (2000) showed that the variance of the absolute age of the sample can be written as: 
Note that C 2 u;t r 2 u is equivalent to Eq. (13) below (Eq. 12 of Tissot and Dauphas, 2015) , which describes the effect of the variability of the 238 U/ 235 U ratio on Pb-Pb ages. Considering two samples formed at times t 1 and t 2 , and defining the age interval as Dt 2À1 ¼ t 2 À t 1 , the effect of the 235 U decay-constant error on the uncertainty of age intervals can be calculated as,
while the effect of the 238 U decay-constant error is given by,
Since the two decay constants are independent variables, the effect of both decay-constant errors on the uncertainty of age intervals is the sum of Eqs. (10) and (11):
These equations were checked numerically using MonteCarlo simulations and the top, center and bottom panel of Fig. 2 shows the relative errors from U decay-constants, 2r Dt 2À1 =jDt 2À1 j (in ‰, calculated with Eqs. (12), (10) and (11) respectively), as a function of the age of the anchoring sample (t 1 ), and for various absolute values of Dt 2À1 . The contribution of the decay-constant errors on Pb-Pb age intervals is much smaller than the achievable precision on the Pb isotope ratio measurement, and varies between x: for comparison of uncorrected ages determined using the same spike/age standard.
x: for comparison of ages and age intervals determined using the same U double spike (and any Pb spike/age standard). y: otherwise.
y: for comparison of uncorrected ages determined using different spikes/age standards.
y: for comparison of ages and age intervals determined using different U double spikes (and any Pb spike/age standard). z: for comparison with ages derived from other chronometers (e.g., Rb-Sr).
z: for comparison with ages and age intervals derived from other chronometers (e.g., Rb-Sr, Al-Mg).
1.03 and 1.48‰ of the age interval. For samples formed at the beginning of the Solar System and for an age interval of 5 Myr, relevant to the plutonic/quenched angrite age differences as well as the CAIs/quenched angrite age differences, the decay-constant errors only contribute $7000 yrs to the uncertainty on the age interval (Fig. 3) .
In Table 3 we provide a breakdown of the uncertainties on U-isotope-corrected Pb-Pb ages and age intervals (anchored to D'Orbigny) for the six angrites studied here, and the two oldest CAI ages reported in the literature Bouvier et al., 2011; Connelly et al., 2012) , including the decay-constants errors, both on absolute ages and age intervals. Because all samples in Table 3 were measured with the same U double spike, the error on the U spike composition should be ignored when comparing relative ages (bold values of the ±x/y/z for age intervals in Table 3 ). For comparison, the ±x/y/z values are also calculated assuming two different U spikes were used (each having a ±0.16‰ error associated with it), which increases the errors on the age interval by 40% for most samples. This observation emphasizes the need for the use of a unique U double spike to achieve refined resolution in ESS chronology using the Pb-Pb chronometer.
Comparison of d 238 U data with previous works
In the present work, all samples were spiked with IRMM-3636 U double spike Richter et al., 2008) . Except for three samples from Brennecka and Wadhwa (2012) (D'Orbigny pyroxenes, AdoR phosphates and a replicate of D'Orbigny Bulk) all literature data published so far (Brennecka and Wadhwa, 2012; Connelly et al., 2012; Goldmann et al., 2015) also used the IRMM-3636 spike. In Fig. 4 , the data from this work are compared to literature data. Since the same spike was used for all measurements and we are interested in relative ages, the error bars show only the error on the isotopic analysis (i.e., the ''x" in ±x/y reported in Table 4 ). Our measurements are within uncertainty of published values for 4 samples out of 6. Two samples (NWA 4801 and NWA 6291) are outside of uncertainty from published values. The extremely heterogeneous nature of the NWA 4801 specimen, described as a ''breccia" by Irving and Kuehner (2007) , could explain the difference in U isotope composition between our data (d 238 U = À0.55 ± 0.06‰) and literature data (d 238 U = À0.43 ± 0.07‰, Brennecka and Wadhwa, 2012) . For NWA 6291, the disagreement with published value (d 238 U = À0.40 ± 0.04‰, this work, vs. d 238 U = À0.49 ± 0.04‰, Brennecka and Wadhwa, 2012 ) is likely the result of minor terrestrial contamination ($10%; see Section 4.1). (12), (10) and (11) U decayconstant errors as a function of the age of the anchoring sample (t 1 ), and for an absolute value of age interval jDt 2À1 j = 5 Myr. Table 3 Contributions of systematic and random uncertainties to the total uncertainty on Pb-Pb ages and age intervals.
NWA 4590 Contribution to ± x/y/z, in %.
NWA 4801
Contribution to ± x/y/z, in %.
NWA 6291
AdoR Contribution to ± x/y/z, in %. , and three Efremovka CAIs , which have indistinguishable ages within uncertainties. ** CAI B4 from NWA 6991 CV3 chondrite (Bouvier et al., 2011) .
a Pb-Pb age from Amelin (2008b) . b Pb-Pb age from Connelly et al. (2008) . Amelin and Irving (2007) ; (2) Pb ages, used when only radiogenic Pb is present in the fraction after washing and blank correction. Identical ages (within errors) are obtained by the Pb-Pb isochron and U-Pb-upper concordia intercept methods.
* The uncorrected age of the Leach and Residue from NWA 6291 is assumed to be equal that of the bulk NWA 6291 sample. ** The uncorrected age of the phosphates from AdoR is assumed to be equal to that of the bulk AdoR sample. *** The uncorrected age of the pyroxenes from D'Orbigny is assumed to be equal to that of the bulk D'Orbigny sample. 
Variability of the U isotope composition of angrites
Considering only the error on the isotopic measurement, it appears that the U isotopic composition of angrites is variable at the 0.10-0.20‰ level and that quenched angrites have on average higher d 238 U values (À0.29 ± 0.07‰ weighted average, n = 2, MSWD = 5.04) than plutonic angrites (À0.46 ± 0.03‰ weighted average, n = 4, MSWD = 1.82) (Figs. 4 and 5 and Table 1 ). Taking previously published data from Brennecka and Wadhwa (2012) , Connelly et al. (2012) and Goldmann et al. (2015) the weighted average d 238 U of quenched angrites is À0.36 ± 0.05‰ (n = 2, MSWD = 3.28) compared to À0.47 ± 0.02‰ (n = 4, MSWD = 0.62) for plutonic angrites. Previous data thus also reveal this dichotomy but this had not been appreciated nor discussed. Our conclusion of a heterogeneous U isotope composition in angrite samples is in contrast with the findings of Brennecka and Wadhwa (2012) , who, by considering both random and systematic errors, concluded that all angrites have similar U isotopic composition. Finally, we observe that there is a broad correlation between the U isotope composition of the samples and their U-isotope-corrected Pb-Pb ages (Fig. 6 ).
DISCUSSION
Angrites provide a useful set of anchors to tie absolute and relative chronometers because (1) their crystallization ages are 4 to 11 Myr younger than the oldest CAIs (which define the ''time zero" of ESS chronology, $4567-4568 Myr ago, Amelin et al., 2010; Bouvier and Wadhwa, 2010; Bouvier et al., 2011; Connelly et al., 2012) , (2) some of the angrite samples have quenched textures indicative of rapid cooling, and (3) the phases in these samples are diverse enough to allow for dating with multiple chronometers. In particular, D'Orbigny, which cooled rapidly (Mittlefehldt et al., 2002) Tang and Dauphas, 2012) . Because the Pb-Pb age of a sample depends on its U isotope composition, we begin by examining the cause(s) of U isotope variations in angrites before evaluating their impact on age determinations.
Distinct
238 U/ 235 U ratios of plutonic and volcanic angrites: a primitive feature As can be seen in Fig. 5 and Table 1 (Goldmann et al., 2015) . Quenched angrites have heavier U isotopic composition than plutonic angrites, which has a bearing on the absolute Pb-Pb ages of the samples (see Table 4 NWA 4801). To understand these results, we put them in perspective using several geochemical tracers.
REEs are refractory and relatively fluid-immobile elements with chemical behavior very similar to one another during most chemical processes. A compilation of the REE concentrations in angrites is shown in Fig. 7 and Table 5 (see table footnote for data source). The data reveal a clear dichotomy in the REE pattern of quenched and plutonic angrites, whereby quenched angrites have chondritic REE pattern and plutonic angrites show depletion in the LREE, and for some even a small Eu anomaly. Given the typical REE patterns of individual minerals of pyroxene, plagioclase and olivine measured in angrites (e.g., Floss et al., 2003) , the fractionated bulk REE patterns of plutonic angrites are consistent with variable amount of clinopyroxene and olivine being present as cumulate phases (e.g., Keil, 2012 and references therein). In Fig. 8 U] = 0.0 ± 0.8‰), indicating no disturbance of U in this sample in the last 2.5 Myr. For the other samples, part of the variability in their U isotopic composition could in principle be due to leaching of U out of the sample or contamination by continental crust U (the contrast in U concentration between Earth's continental crust and angrites is $20:1). In Fig. 9 Regarding NWA 4801 the lower value (d 238 U = À0.55 ± 0.06‰) we obtained compared to Brennecka and Wadhwa (2012) (d 238 U = À0.43 ± 0.07‰), is inconsistent with presence of a terrestrial component in our sample that would have been removed by the leaching done in the latter study, and is more likely reflecting the heterogeneous nature of this specimen, the only ''breccia" angrite (Keil, 2012) . Assuming that the difference in d
238 U values of NWA 6291 between this work (d 238 U = À0.40 ± 0.04‰) and that of Brennecka and Wadhwa (2012) (d 238 U = À0.49 ± 0.04‰) comes from addition of terrestrial U in the sample, means that anywhere from 10 to 73% of the U in the sample was added during alteration. Because Th is immobile during aqueous alteration, the Th/U ratio could provide additional insight into the extent of U mobilization in the samples. Unfortunately, the Th/U ratio was not measured in this study, and we have to resort to published data acquired on different sample aliquots.
The Th/U ratio of angrites can be estimated in two main ways: (1) Table 5 . Brennecka and Wadhwa (2012) . Measurements were made on Q-ICPMS, with indium internal standard to account for any plasma suppression. Samples were bracketed with geologic standards and clean ICP concentration standards.
or by solution after digestion with acid attacks), and (2) (Table 5 and Fig. 10 ). While the values obtained by INAA/ICPMS show variability in the Th/U weight ratios of bulk angrites between 2.6 (NWA 4801, this work) and 6.7 (NWA 1296, Riches et al., 2012) , the model Th/U weight ratios of all whole rock angrites calculated from Pb isotope analysis are within error of the chondritic value of 3.6 ± 0.1 (Chen et al., 1993) . The cause of this discrepancy is unclear, but might be due to counting limitations for INAA and matrix effects during ICPMS analysis, as the U and Th concentrations in angrites are quite low (around 116 ppb for U and 420 ppb for Th). Lead isotopic analyses are, by nature, more accurate and precise than concentration measurements, and we will therefore use those data in the following. The limited variation in this data set (Th/U wt ratios between 3.36 and 3.84, Table 5) indicates that at most 7% of U gain/loss occurred in the samples. This value is in line with the lower estimate of 10% of terrestrial contamination in NWA 6291 (derived from the difference of d 238 U value between our measurement and that of Brennecka and Wadhwa, 2012) . Though the evidence discussed above indicates that terrestrial alteration is not the main driver of U isotope variability for D'Orbigny, AdoR, NWA 4590 and NWA 4801, we cannot rule out that terrestrial contamination affected our measurement of NWA 6291.
In summary, to the potential exception of NWA 6291, there is no evidence that the variable d 238 U values observed in different angrites is due to terrestrial aqueous alteration, and the distinct 238 U/ 235 U ratios of plutonic and volcanic angrites instead appears to be a primitive feature of these samples.
4.2.
238 U/ 235 U ratios of plutonic angrites: evidence for U stable isotope fractionation during magmatic processes Three processes could potentially explain the variations in the 238 U/ 235 U ratios and/or REE patterns of quenched and plutonic angrites: (i) decay of live 247 Cm in the ESS, (ii) alteration, on Earth or on the angrite parent body, and (iii) U stable isotope fractionation during magmatic processes. We examine these hypotheses below.
Decay of 247 Cm, an extinct radionuclide with a half-life of 15.6 Myr, can produce 235 U excesses in ESS materials (Brennecka et al., 2010a; Tissot et al., 2016 144 Nd/ 238 U ratios (Cm has no long-lived isotopes and Nd is used as a proxy). In particular, to produce a $0.17‰ effect, given the known 247 Cm/ 238 U ratio of (1.79 ± 0.09) Â 10 À5 in the ESS (Tissot et al., 2016; Tang et al., 2017) , the 144 Nd/ 238 U atomic ratios of quenched and plutonic angrites would have to Table 5 for data source). Circles show samples for which both methods were used on unleached pieces of the same angrite, while shaded areas show the full range of Th/U ratios obtained by each technique on unleached bulk samples. The vertical and horizontal grey lines mark the chondritic value of 3.6 ± 0.1 (Chen et al., 1993 , which could have affected their U elemental and/or isotope systematics. Weathering in hot deserts will lead to enrichments in LREE, Ba, Sr and/or U in individual minerals or at the whole rock level (e.g., Barrat et al., 2001; Crozaz et al., 2003; Floss et al., 2003) , and LREE enrichments and Ce anomalies have in fact been reported in some Sahara 99555 minerals and to a much lesser extent in minerals in D'Orbigny . Several lines of evidence, however, allow us to conclude that alteration, on Earth or on the angrite parent body, is not the main driver behind the variable 238 U/ 235 U ratios of angrites:
(i) Despite U remobilization on Earth, as testified by the excess 234 U in the fall samples (Fig. 9) , the dichotomy in d
238 U values between quenched and plutonic angrites is clearly visible in samples with the lowest 234 U excesses (i.e., the lowest amount of U remobilization, see Section 4.1).
(ii) There is no correlation between d
238 U values and U content in angrites (Fig. 12) , which indicates that no significant redistribution of U occurred in the samples, unlike what was observed in carbonaceous meteorites during thermal metamorphism (Rocholl and Jochum, 1993) . (Fig. 10) , which suggests that no significant U gain/loss occurred during alteration (<10%, see Section 4.1). (vi) Finally, the sample preparation scheme used by Brennecka and Wadhwa (2012) and Goldmann et al. (2015) included a 5 min ultrasonic bath cleaning step in dilute HCl, which was not performed in the present study. Yet, the three isotopic data sets are in agreement (Fig. 4) .
A more likely cause of the d 238 U variability and REE fractionation in angrites is magmatic differentiation. Indeed, whereas quenched angrites have essentially flat REE patterns, plutonic angrites show curved patterns with slight Eu anomalies (AdoR, NWA 4801, NWA 4590, LEW 86010) or patterns with strong LREE depletions and flat HREEs (NWA 2999, NWA 3164, NWA 4931, NWA 5167, NWA 6291), which are likely controlled by pyroxene and olivine, respectively (Fig. 7) . The REE patterns of LEW 86010 and NWA 4801 can be well reproduced by addition of $25% and 60%, respectively, of clinopyroxene (see mineral REE pattern in Floss et al., 2003) U atomic ratio of selected angrites from this study (color symbol) and literature (light grey symbols, data from Brennecka and Wadhwa (2012) , Connelly et al. (2012) , Goldmann et al. (2015) ). The same symbol shape is used for both sets of data. Quenched and plutonic angrites with similar quenched angrites), which is entirely consistent with the cumulus texture of these rocks (e.g., McKay et al., 1988; Irving and Kuehner, 2007) . Similarly, the REE patterns of angrites with LREE depletions, flat HREE tails and enrichments of only 5 to 6 Â CI are consistent with the abundance of large olivine xenocrysts (which incorporate very little LREE relative to HREE, see Floss et al., 2003) present in these angrites. Because phosphate minerals host between 30 and 50% of the LREE, better fits of the REE patterns can be obtained when the small amount of phosphates (0.1-0.5%) present in the samples is taken into account (e.g., Sanborn, 2012; Baghdadi et al., 2015) . Yet, mass balance considerations using the modal abundances of phosphates and their REE content in NWA 4801 or NWA 4590 (Sanborn, 2012) indicate that phosphates host at most 20% of the REE heavier than Nd and that to first order, the REE patterns of angrites are in fact controlled by pyroxene, plagioclase and olivine abundances.
Though phosphates are often considered to be the major carrier of U and Th in angrites (e.g., Baghdadi et al., 2015) , we propose that pyroxenes represent another (and sometimes more) important host phase of U, and to a lesser extent Th, in these samples. For instance, using the phosphate U concentration of 1.79 ppm and the pyroxene U concentration of 172 ppb measured in AdoR and the modal abundances of phosphates and pyroxenes in AdoR of 0.3-0.5% and 46.3%, respectively (Mittlefehldt et al., 2002) , we estimate that less than 10% of the total U (and about 33% of the total Th) of the sample is hosted in phosphates. AdoR is known for its pyroxene cumulate texture and might not be representative of other angrites, but doing the same calculation for D'Orbigny, using a U concentration in pyroxenes of 92 ppb (Brennecka and Wadhwa, 2012) , modal abundances of phosphates and pyroxenes of 0.3-0.5% and 20%, respectively (Mittlefehldt et al., 2002) and assuming that the phosphates in D'Orbigny have a U concentration similar to those in AdoR, shows that phosphates in D'Orbigny only host $ 30% of the total U (and $70% of the total Th) of the sample. 
where the subscripts ''bulk", ''cpx" and ''phos" refer to the bulk sample, the clinopyroxenes and the phosphates, respectively, and f cpx is the fraction of U in clinopyroxene in the sample. For AdoR, using d 238 U bulk = À0.51 ± 0.08‰, d
238 U phos = À0.22 ± 0.24‰, and f cpx = 0.90 (see [U] Given the oxygen fugacity levels relevant to the angrites (IW+1, Brett et al., 1977; Jurewicz et al., 1993; Mckay et al., 1994 ), U will be present only in the 4+ state in the angrite mantle (Schreiber and Andrews, 1980; Halse, 2014) , and redox effects are therefore very unlikely to be responsible for the observed U isotope variability of angrites. A change in the coordination environment of U between the silicate liquids and the minerals incorporating U (clinopyroxene and phosphates) during the magmatic evolution of the angrite parent body is therefore the most likely cause of the variable 238 U/ 235 U ratios of angrites. Because phosphates are late crystallizing phases, the fractionation is most likely occurring during the incorporation of U into clinopyroxenes.
This hypothesis requires fractionation of U isotopes without fractionation of the Th/U ratio in clinopyroxenes. Only limited data is available for crystal-liquid partitioning of Th and U in diopsidic clinopyroxenes and are summarized in Table 6 . All available data indicate little to no Th/U fractionation as D Th /D U is close to unity both in partitioning experiments (Benjamin et al., 1979 (Benjamin et al., , 1980 ; Table 6 Clinopyroxene-liquid partionning data for Th and U. 
References: (1) Benjamin et al. (1980) ; (2) Benjamin et al. (1979) ; (3) Latourrette and Burnett (1992) ; (4) Lundstrom et al. (1994) ; (5) Latourrette and Burnett, 1992; Lundstrom et al., 1994) and in AdoR . The lowest D values, obtained from partitioning experiments, indicate that almost no Th and U will be incorporated in pyroxenes, which is inconsistent with fractionation of U isotopes by clinopyroxene. These low estimates are, however, very unlikely to be appropriate for angrites as the mass-balance considerations discussed above show that pyroxenes can host $50-70% of the total U of the sample. The high D Th and D U estimates in Table 6 (D Th = 0.89 and D U = 0.86) are calculated as the ratio of U concentration in pyroxenes over the total U concentration in AdoR . Using these upper limit values, we test the hypothesis of U isotope fractionation during incorporation into pyroxenes using a Rayleigh distillation model (Fig. 13) . Calculation of the amount of U removed, noted f, is based on the amount of crystallization at the time of formation of each sample. For quenched angrites, this value is well constrained in our model (which will be the focus of a subsequent publication) and corresponds to about 50% of crystallization, with only the last 25% crystallizing pyroxenes. For plutonic samples, we used the HREE enrichment (Tm or Lu) in clinopyroxenes and the D HREE values relevant to the conditions on the angrite parent body (e.g., Mckay et al., 1994) to calculate the HREE concentration in the liquid at equilibrium with these pyroxenes. The equilibrium concentration in the liquid allows us to constrain the amount of crystallization at the time of sample formation, and thus, the amount of U removed. To be conservative, the low and high range of HREE enrichments in pyroxenes of the various angrite specimens are considered, which translates in sometimes large uncertainties on the f values of plutonic samples. As can be seen on Fig. 13 , the d 238 U data is consistent with a fractionation of U isotopes during clinopyroxene-liquid partitioning of D cpx/liquid $ À0.25‰. Sensitivity tests (see Supplementary Materials) indicate that the uncertainty on this value is at most ±0.10‰ and more likely around ±0.05‰. This fractionation factor is large but not unreasonable as fractionation of U isotopes is caused by both mass-dependent effects, which scale as 1/T 2 and are negligible at magmatic temperature, and volume dependent effects (i.e., nuclear field shift, NFS; Bigeleisen, 1996; Schauble, 2007) , which scale as 1/T and could still be significant at high temperature. The fractionation factor used in Fig. 13 (0.25‰) is of the same order of magnitude as the 0.43‰ equilibrium fractionation expected for U(IV)-U(VI) isotopic exchange (including NFS and vibrational effects) at 1200°C (see Eq. (8) in Fujii et al., 2006) .
The value of the fractionation factor D cpx/liquid = À0.25 ± 0.05‰ derived from the Rayleigh distillation model is slightly lower than the D cpx-phos values estimated by massbalance in AdoR and D'Orbigny, which is consistent with phosphates forming later than pyroxenes and from a pool of U depleted in 235 U relative to the starting liquid. The higher d
238 U values in phosphates relative to pyroxenes may thus be a feature common to all angrites, as also suggested by the 0.55 ± 0.29 Myr age difference (calculated assuming a common 238 U/ 235 U ratio) between two leachate fractions from NWA 4590, one containing mostly pyroxenes and the other mostly phosphates (Amelin et al., 2011) . Though this age offset could be due to different closure temperatures of the two minerals (Amelin et al., 2011) , it can also be readily explained by a difference of +0.38 ± 0.20‰ between the d 238 U values of the two phases, with heavier U isotopic composition in phosphates than pyroxenes, a value identical to that obtained from mass balance considerations in AdoR and D'Orbigny. Furthermore, in a leaching experiment conducted on NWA 6291 with 0.5 M HNO 3 , Brennecka and Wadhwa (2012) found that the leachate fraction had a lighter U isotopic composition (d 238 U = À0.27 ± 0.05/0.17‰) than the residue (d 238 U = À0.57 ± 0.11/0.19‰). They interpreted this as evidence that the U released in the leaching step was of terrestrial origin as it had d 238 U value identical to the average crustal d 238 U value of À0.29 ± 0.03‰ (Tissot and Dauphas, 2015) , but this interpretation might be incorrect. Indeed, the leachate contained about 64% of the total U of the sample (Suppl. Material of Brennecka and Wadhwa, 2012) , which is too large to be reasonably ascribed to terrestrial contamination alone and instead hints to dissolution of a U rich phase such as phosphates by the 0.5 M HNO 3 solution. If that is the case, the leachate fraction contains U coming both from terrestrial contamination and phosphates while the residue contains U coming mostly from the pyroxenes (which are not digested in 0.5 M HNO 3 ). As discussed in Section 4.1, only $10% of the U in NWA 6291 is of extraneous origin, meaning that the $0.30‰ difference between the d 238 U of the two fractions is representative of the pyroxene/phosphate difference, which is in line with the other observations listed above. Finally, support for the hypothesis of magmatic differentiation is found in the bulk chemistry of angrites. In Fig. 14 238 U values and U-isotopecorrected Pb-Pb ages in angrites (Fig. 6 ) thus likely reflects the increase in pyroxene content (or pyroxene/phosphate ratio) of the samples with time, and though no mineral mode data are available for NWA 6291, we predict that the pyroxene/phosphate ratio of this sample is between that of quenched angrites (at $55) and AdoR (at $155).
Implications of the
238 U/ 235 U ratio of quenched angrites for ESS chronology Quenched angrites are key samples when crosscalibrating relative (e.g., 26 Al-26 Mg) and absolute (Pb-Pb) ages as they meet the requirements of non-disturbance, synchronous isotope closure and phase diversity necessary to make them reliable chronometric anchors. Our observation that plutonic and quenched angrites have different U isotopic compositions implies that one cannot use the average 238 U/ 235 U ratio of all angrites to correct their Pb-Pb ages as was done previously (Brennecka and Wadhwa, 2012) as this can potentially lead to inaccuracies. Instead, the correction should consider each angrite on a case-by-case basis, or at the very least, consider separately plutonic and quenched angrites. Table 4 presents a summary of the non-corrected Pb-Pb ages of the six angrites studied herein, their measured U isotope ratios (this work and literature data), and their U-isotope-corrected ages. The age corrections, Dt, are calculated using the following equation (Eq. 12 of Tissot and Dauphas, 2015) , 
where DU is the difference between the actual and assumed U isotope composition of the sample (in delta notation, ‰), and t is the Pb-Pb age of the sample obtained using an ''assumed" U isotope composition. After correction, the two quenched angrites (D'Orbigny and Sahara 99555) have essentially indistinguishable ages (Fig. 6) Table 7 ). The correction imparted by the recognition that all angrites do not have the same U isotopic composition is small but significant. The U-isotope-corrected Pb-Pb ages presented in Table 4 , which are all calculated using the individual d 238 U value of the samples (even for literature data) should therefore supersede previously calculated values.
In Section 4.2 we propose that a U isotope fractionation of $À0.25 ± 0.05‰ exists between pyroxene and silicate melt. Because all uncorrected Pb-Pb ages are derived from Pb isotope measurements of pyroxenes fractions, age corrections should be calculated using the 238 U/ 235 U ratio of the pyroxenes rather than that of the bulk sample. So far, only one pyroxene fraction, from D'Orbigny, has been measured (Brennecka and Wadhwa, 2012) , which has a d 238 U value 0.09 ± 0.22‰ lower than the bulk sample (the spike uncertainty is not considered as the same spike was used for measurements of both the bulk sample and pyroxene separate) and leads to an age of D'Orbigny of 4563.35 ± 0.32/0.38/9.25 Myr. The gain in accuracy is accompanied by a loss in precision making this age indistinguishable from our estimate of 4563.51 ± 0.18/0.29/9.25 Myr, calculated using the bulk 238 U/ 235 U. Given the lack of U concentration data in angrite pyroxenes, we tentatively suggest that an additional correction of $À0.19 Myr be applied to ages corrected using the bulk 238 U/ 235 U ratios of angrites reported in Table 4 . This number assumes that 50% of the U is present in pyroxenes, and uses the fractionation factor of À0.25‰ determined in Section 4.2 making the pyroxenes $0.13‰ lighter than the bulk rock.
Concordance of absolute and relative chronologies?
In Fig. 15 and Table 8 , the U-isotope-corrected Pb-Pb age intervals of angrites anchored to D'Orbigny (Table 3) and the oldest known CAIs Bouvier et al., 2011; Connelly et al., 2012) There are no Mn-Cr ages of CAIs because (i) manganese is volatile and individual minerals in CAIs, which condensed at high-T, only show low Mn/Cr ratios resulting in imprecise and inaccurate isochrons (see Davis and McKeegan, 2014 ., and references therein), and (ii) the existence of nucleosynthetic anomalies in 53 Cr in most CAIs (e.g., Papanastassiou, 1986) , further complicates any chronological interpretation of small 53 Cr variations in CAIs. As shown in Fig. 15 , there is overall very good agreement between the Mn-Cr, Hf-W, and Pb-Pb chronometers, which supports the idea that the parent radionuclides of these various systems were homogeneously distributed in the ESS.
Comparison between Pb-Pb and Al-Mg ages of CAIs and angrites is complicated by the fact that determinations of Pb-Pb ages of CAIs do not all agree. Bouvier et al. (2011) reported the Pb and U isotopic compositions of a new CAI (B4, from NWA 6991 CV3 chondrite) with canonical ( 26 Al/ 27 Al) 0 ratio, which gives an age of 4567.94 ± 0.21/0.31/9.25 Myr. This value is in agreement with the age of 4568:2 procedure should not exceed $0.21‰ (equivalent to an age offset of $0.30 Myr). This is small with regard to the extent of the stable isotopic fractionations that are observed for other isotope systems in low-T aqueous processes (Teng et al., 2016 and references therein), and it is therefore conceivable that the leaching procedure imparts Pb isotopic fractionation at a level that matters for high-precision Pb- Table 3 . The CAI point labeled ''SJ-101" uses the weighted average age of 4567.30 ± 0.16/0.20/9.25 Myr based on CAI SJ-101 and three Efremovka CAIs ; all of which have the same age within uncertainties and are assumed to be characterized by the initial Solar System 26 Al/ 27 Al ratio of (4.96 ± 0.25) Â 10 À5 (Jacobsen et al., 2008) and 182 Hf/
180
Hf ratio of (10.18 ± 0.43) Â 10 À5 (Kruijer et al., 2014) . The CAI point labeled ''B4" uses the U-isotope corrected Pb-Pb age of 4567.94 ± 0.21/0.31/9.25 Myr (Bouvier et al., 2011) , and the 26 Al/
27
Al ratio of (4.90 ± 0.05) Â 10 À5 (Wadhwa et al., 2014) Table 8 ). In the face of the discrepant data obtained by these two research groups, one cannot favor one set of data over the other, which is why both are presented in Fig. 15 and Table 8 . We do note, however, that when using the Al-Mg data from Schiller et al. (2015) the Al-Mg and Pb-Pb ages of the two quenched angrites are also in disagreement. At present, it is impossible to tell whether the Pb-Pb and Al-Mg systems agree and thus if 26 Al was uniformly distributed in the ESS. More work, both on quenched angrites and CAIs, will be needed to answer these long standing questions. , and the age of the Solar System as 4567.94 ± 0.31 Myr (CAI B4, Bouvier et al., 2011) , the initial ( 53 Mn/ 55 Mn) 0 ratio calculated is (7.37 ± 0.60) Â 10 À6 . If instead, the younger age of the Solar System of 4567.30 ± 0.20 Myr Connelly et al., 2012 Table 9 ) and the biggest hindrance to properly calculate this value is the uncertain PbPb age of CAIs. We therefore recommend a conservative value of ( 53 Mn/ 55 Mn) 0 = (7 ± 1) Â 10 À6 until the debate on the age of the Solar System is settled. Our estimate, based on U-isotope-corrected Pb-Pb ages, should be preferred to previous estimates that used non U-isotope-corrected PbPb ages or didn't provide uncertainties.
Theoretically, the Pb-Pb ages of angrites and CAIs could also be compared to their relative ages obtained using the 60 Fe-60 Ni chronometer (t 1/2 = 2.62 Myr). At this writing, however, the data set is too small to allow for such a comparison as internal isochrons and initial 60 Fe/ 56 Fe ratios have only been determined in two angrite samples (D'Orbigny and Sahara 99555, Quitte et al., 2010; SpivakBirndorf et al., 2011; Dauphas, 2012, 2015) and there are no data available in CAIs, owing to their low Fe content and the fact that the Fe carrying phases in CAIs have low Fe/Ni ratios.
CONCLUSION
High-precision uranium isotope composition of four plutonic angrites (NWA 4590, NWA 4801, NWA 6291, and Angra dos Reis) and two quenched angrites (D'Orbigny and Sahara 99555) was measured ( Fig. 5 and Table 1 ).
Some heterogeneity in the 238 U/ 235 U ratios of angrites is observed, with quenched samples having heavier U isotope composition than plutonic samples (Fig. 5) . Present in previous studies, this variability had been overlooked. Quenched and plutonic angrites also have distinct REE patterns: flat for quenched angrites and fractionated and most likely controlled by pyroxene, plagioclase and olivine fractionation for plutonic angrites (Figs. 7 and 8) .
Despite the potential for U re-mobilization and fractionation inherent to meteorite finds, the status of quenched angrites as reliable anchor for ESS chronology is strengthened by the observations of limited 234 U/ 238 U disequilibrium, chondritic REE patterns, Th/U ratios and d
238 U values in these samples. Using D'Orbigny as the anchor, U-isotope-corrected Pb-Pb of angrites are calculated (Table 4) . A careful characterization of the errors on absolute ages and age intervals is done (Table 3) , including the role of the U decay-constants errors (Figs. 2 and 3) (Table 9) . Conclusions on the concordance of the Al-Mg and PbPb systems are hindered by the lack of consensus on the age of the Solar System and the initial ( 26 Al/ 27 Al) 0 ratios in quenched angrites, which will require further work to improve the absolute and relative ages of ESS anchors.
The variable d 238 U and REE pattern of quenched and plutonic angrites cannot be readily explained by terrestrial contamination, secondary processes such as aqueous alteration, or decay of live 247 Cm (Fig. 11) . Instead, the fractionation of the REE patterns is consistent with the magmatic evolution of the angrite parent melt, and we propose that the variability in the d 238 U values of angrites is in fact evidence for U stable isotope fractionation during magmatic processes. We propose that a change in the coordination environment of U during incorporation into pyroxene is responsible for the U isotope fractionation (Figs. 13 and  14) . Investigations of the coordination environment of U in igneous minerals using extended X-ray absorption fine structure (EXAFS) spectroscopy will be necessary to confirm this hypothesis.
The variability of the U isotope composition within different minerals of a single sample means that properly corrected Pb-Pb ages should use the U only from the fraction measured for Pb isotopes (most often, the pyroxene fraction).
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